We consider Z 2 , freely acting orbifolds of the type IIB string with 16 parallel D5-branes. When the string is compactified on T 2 × T 4 and the D5-branes are wrapped on T 2 , these systems possess N = 2 supersymmetry, originating from the spontaneous, partial breaking of N = 4. Extended supersymmetry allows us to investigate the duality with certain heterotic and type I constructions, and to obtain informations about their non-perturbative regime.
Introduction
Systems of type IIB strings in the presence of N parallel Dp-branes are of much interest for the investigation of the non-perturbative aspects of Yang-Mills theories. A well studied situation is when one takes the limit of large N, small g s . In this limit, gravity is effectively decoupled, and one reduces to study a pure gauge theory. Recently, situations in which the string coordinates transverse to the D-branes enter in the game have also been considered [1] . The presence of the D-branes leads to the breaking of half of the supersymmetries of the type IIB string. When the four coordinates transverse to the branes are toroidally compactified, cancellation of the Ramond-Ramond charge requires the introduction of orientifold O5 planes and fixes the number of D5-branes to be sixteen, toghether with their mirror pairs. This construction can be seen as an orientifold of the type IIB string, projected byΩ ≡ Ω × I (7, 8, 9, 10) , the product of the world-sheet parity times the target-space reflection acting on the transverse coordinates. This orbifold is therefore related to the ordinary orientifolds by T-duality along x 7 , x 8 , x 9 , x 10 , and it is reasonable to ask wether this theory is dual to the toroidally compactified heterotic string. The point is non trivial, because, on the type IIB string, supersymmetry appears as "spontaneously" broken, in the sense that the theory possesses an approximate restoration of the initial 32 supersymmetry charges when the space transverse to the branes is decompactified. On the other hand, it is known that on the heterotic side, even at the strong coupling there are no more than 16 supercharges: the strong coupling limit is in fact the type IIA string compactified on K3. In the case of heterotic compactifications with maximal supersymmetry, such a duality can therefore exist only in a particular limit in the moduli space of the two theories. It is however possible that it exists for theories with a lower number of supersymmetries, in which the projection that breaks supersymmetry has a non-trivial action on the dilaton field. In order to understand the situation, we compactify two further coordinates on T 2 and consider the theory obtained by adding a freely acting, Z 2 projection that acts as a twist on the transverse coordinates and as a translation along a circle of the two-torus parallel to the branes. This projection breaks spontaneously the supersymmetry to N = 2: the N = 2 and N = 4 phases are then continuosly related. In the N = 2 phase of the theory, the moduli dependence of certain amplitudes is reacher than in the N = 4 phase. Supersymmetry is nevertheless still sufficiently extended to allow the comparison of amplitudes that, like the R 2 term we will consider, receive a contribution only from non-perturbatively stable, BPS states.
When V (4) , the volume of the space transverse to the D5-branes, is small, the ordinary type I orientifold description is indeed the more appropriate. The description in terms of D5-branes turns out to be useful in order to investigate the limit V (4) → ∞, non-perturbative from the type I point of view. As we will discuss, in this limit there is an approximate restoration of a larger amount of supersymmetry. Due to the free action of the orbifold projection, in this model indeed act both a perturbative and a non-perturbative super-Higgs mechanism, responsible for the spontaneous breaking of the N = 8 supersymmetry. We argue that this model is dual to a freely acting orbifold of the heterotic string, with gauge group of maximal rank, and to the type I freely acting orbifolds with either sixteen D9-branes, or eight D9-branes and eight D5-branes, presented in Ref. [2] . In order to substantiate our arguments, we consider the renormalization of the effective coupling of the R 2 term. We compare this quantity, as computed on the heterotic side, on the type I and in the "type IIB",Ω dual orientifold, both for V (4) → 0 and V (4) → ∞. Since the effective coupling of this term depends on the moduli of the vector multiplets, this comparison provides us with informations about the non-perturbative behavior of the theory. As we will discuss, the existence of a spontaneously broken N = 8 supersymmetry explains why the states that on the type I side originate from the D5-branes sector, appear as perturbative on the heterotic side. This situation differs from other cases considered in the literature [3] - [5] , where the D5-branes, corresponding on the heterotic side to small instantons, give origin to a non-perturbative enhancement of the gauge group.
The paper is organized as follows:
In Section 2 we discuss the type IIB orientifold with D5-branes, and the further breaking of supersymmetry produced by the orbifold projection. The main part of the section is devoted to the discussion of the gravitational corrections.
In Section 3 we present the heterotic and type I duals. We compare then the gravitational corrections as computed in all the constructions and discuss the map relating the moduli in the vector manifolds of the effective theories.
In Section 4 we review the procedure of rank reduction in type I strings. This was first discussed in [6] - [8] , and we apply it to the case of type I models with spontaneous breaking of supersymmetry. We use then the results of the previous sections in order to infer the non-perturbative behavior of these constructions.
Further comments and conclusions are in Section 5.
The type IIB string with D5-branes
We start by considering the addition of parallel D5-branes to the type IIB superstring. When the space transverse to the D5-branes is compactified on T 4 , the Ramond-Ramond charge of the branes must be cancelled. The cancellation is obtained by introducing orientifold O5 planes. By a chain of T-dualities applied to the O9 case, one can see that their number is fixed to sixteen: the allowed number of D5-branes is therefore also sixteen (toghether with their sixteen mirrors). If each mirror pair sits on one orientifold plane, the cancellation of the RR charge is local. This construction can be seen as an orientifold obtained by projecting the type IIB string withΩ, defined as the product Ω × I (7, 8, 9, 10) , of the world-sheet parity, Ω, and the target-space reflection I x : x → −x, along the four transverse coordinates. T-duality on the type IIB string, along these coordinates, relates therefore this theory to the ordinary type I, orientifold construction, in which the D9-branes and one O9 plane replace the D5-branes and the O5-planes. When the volume, V (4) , of the space transverse to the D5-branes, is small, the type I orientifold indeed gives the more appropriate description of the theory, that corresponds to the phase in which the D-branes gauge group is broken to U(1) 16 . The opposite limit, V (4) → ∞, is non-perturbative from the point of view of the effective theory. On the other hand, a simple look at the orientifold construction indicates that, since theΩ projection breaks T-duality along T 4 , this limit is indeed very different from the other one: in this limit the bulk theory feels the D5-branes very weakly, and we expect that, being the supersymmetry breaking projection associated to the breaking of T-duality, to recover an approximate restoration of the original amount of supersymmetry, that appears therefore spontaneously broken for any finite value of V (4) .
We now go to four dimensions by compactifying two other coordinates on a two-torus, and break the N = 4 supersymmetry with a freely acting, Z 2 orbifold projection, that acts as a twist, x → −x, on x 7 , x 8 , x 9 , x 10 , and as a half circumference translation in a circle of T 2 . This produces a spontaneous breaking of supersymmetry to N = 2 [9] , due to a stringy version of the mechanism of Ref. [10] . This model is related by T-duality along T 4 to the "Scherk-Schwarz breaking" type I construction presented in Ref. [2] . The massless spectrum is therefore the same, with the difference that in this case there are only D5-branes and no D9-branes, and the fact that here the gauge group is broken to U (1) 16 . Besides the supergravity multiplet, there are therefore the usual vector and hypermultiplets originating from the compact space, and sixteen vector multiplets from the D5-branes.
The R 2 corrections
We come to the computation of the corrections to the effective coupling of the R 2 term
1
We are interested in the expression of the effective coupling in the two limits of large and small V (4) . As we observed, for small V (4) , the theory is perturbatively equivalent to a type I orientifold, with D9-branes instead of D5-branes. The computation of the gravitational corrections is therefore absolutely equivalent, modulo a redefinition of the fields in the vector manifold, due to the D5-/ D9-branes exchange, to the one already performed in that framework. Taking this into account, we can immediately write the correction to the effective coupling by appropriately adapting the result obtained for that model in Ref. [12] (see also Section 3):
where U is the modulus associated to the complex structure of the unwisted two-torus and now Im S ′ is the tree level coupling of the D5-branes [13] , expressed as the vacuum expectation value of the field S ′ , defined as in Ref. [14] (see also Eq. (3.11) below). 2/3 is the value of the beta-function coefficient,
. For the particular parametrization of the untwisted two-torus in which
2) the ϑ 4 (U) appears when the orbifold projection that twists the four coordinates transverse to the branes acts on the two-torus as (−1) m , on the momenta on x 6 . The third term on the r.h.s. contains the infrared running, as a function of the infrared cut-off µ and the characteristic mass scale M. The ratio of these quantities is invariant under type II/heterotic/type I, string-string dualities, and can be expressed as the ratio of a physical cut off p 2 and the Planck mass M P . The β-function coefficient b, in the cases it can be explicitly computed (see for instance [15] ), turns out to be b =
, with B 2 and B 4 the constant, massless
1 For a precise definition and a discussion of this amplitude in our notation, we refer the reader to [11] .
contributions at a generic point in the moduli space (i.e. away from points of enhanced symmetry) to the second and fourth helicity supertraces (for a discussion of these quantities, see for instance [16] ).
We consider now the limit of (very) large V (4) . As we noticed, in the absence of the orbifold projection this would be a limit of approximate restoration of the full supersymmetry. In the present case, this is still true, provided the circle of the two-torus translated by the orbifold projection is appropriately decompactified, in order to make vanishing the orbifold action. In this limit, the correction to the gravitational coupling is expected to vanish (or, more generally, to diverge only as a logarithm of the moduli). For finite values of the radii of the two-torus, supersymmetry is instead broken to N = 2. The contribution of the D5-branes is on the other hand suppressed, and we expect that there is no tree level contribution to the correction. The full result comes therefore from one loop (owing to extended supersymmetry, there are no contributions from higher orders). The correction to the R 2 term is then well approximated by the expression obtained by inserting in the type IIB partition function the helicity operator Q 2Q2 , as in Refs. [11, 17] , with the recipe that we must keep only the U-dependent part of the result. The partition function we use for the one-loop computation is therefore:
We have definedΓ 4, 4 H G as the contribution of the four twisted bosons. In the "N = 4" sector, namely for (H, G) = (0, 0),Γ 4,4
H G , and (2.3) coincides with the partition function of the N = 4 freely-acting orbifold of [11] . In the untwisted, unprojected sector, (H, G) = (0, 0), it is the usual sum over lattice momenta. In the non-compact limit, it is given instead by:Γ
In the lattice contribution of the two-torus, Γ 2,2 H G , the arguments indicate the shift produced by the translation associated to the orbifold twist. The one loop contribution is computed by regularizing the infrared with the method of Ref. [17] . We obtain:
where ≈ indicates that in the above expression we discard terms suppressed at large V (4) , The correction (2.5) has a logarithmic divergence in the limit R 6 → ∞ ( Im U → ∞), where the N = 8 supersymmetry is restored. This logarithmic dependence can be removed with an appropriate choice of the infrared cut-off 2 .
The N = 2 heterotic and type I duals
The heterotic dual is constructed as a T 2 ×T 4 /Z 2 orbifold, in which the twist is accompanied by a Z 2 translation on T 2 , producing a left-right symmetric shift of the momenta; modular invariance requires then an embedding of the spin connection into the gauge group. When the gauge group is broken to U(1) 16 by Wilson lines, the massless spectrum originating from the currents contains only sixteen vector multiplets and no hypermultiplets. At this point, it is easy to write the partition function and to compute the "regular" gravitational amplitude, obtained by correcting the " R 2 " term with appropriate gauge amplitude terms. An example of such a subtraction, valid for orbifolds with an equal number of vector and hypermultiplets originating from the c = 16 currents, N V = N H , was discussed in Refs. [12, 15, 21] .
There are indeed two type I models dual to the heterotic and the type IIB,Ω constructions. Both of them were first constructed in Ref. [2] , as orientifolds of the type IIB string with an N = 8 supersymmetry spontaneously broken to N = 4. The freely acting projections Z F 2 , that break supersymmetry on the type IIB "parent" string, act as a left-right symmetric reflection on four coordinates of the target space and as a half-circumference translation in another circle. The translation is effectively introduced by a projection onto the quantum numbers of the lattice of momenta associated to that compact coordinate. Depending on whether this projection is
, one gets type I orientifolds with different properties: in the first case, the "momentum shift", one gets a model with a gauge group of rank 16, entirely provided by open string states ending on D9-branes: no D5-branes are present. This model was called "Scherk-Schwarz breaking" in Ref. [2] , so that in the following we will refer to it with this name. In order to obtain hypermultiplets from the the D-branes massless spectrum, it is necessary to introduce a Wilson line, coupled to the supersymmetry breaking projection. In this case the gauge group splits into factors SO(N 1 ) × SO(N 2 ), with hypermultiplets in the (N 1 , N 2 ), bifundamental representation. By introducing appropriate Wilson lines it is possible to break the gauge group to U(1) 16 , and obtain the dual of theΩ orientifold presented in the previous Section.
More subtle is the case of the "winding shift", otherwise called M-theory breaking in [2] . In this case, supersymmetry appears to be unbroken in the open string sector, that provides the massless states of a N = 4 super Yang-Mills theory with maximal gauge group SO(16) × SO(16): the first factor originates from D9-branes states, while the second factor originates from a D5-branes sector. It seems therefore that such construction cannot be dual to the other models we have considered. However, by looking at the correction to the R 2 term, in Ref. [12] evidence was found that this construction is linked to the "momentum shift" model by a motion in S ′ , the modulus whose VEV is the coupling constant of the five-branes part of the gauge group. What makes possible this duality is that, although supersymmetry appears as unbroken N = 4 in the open string sector, this is only a first approximation. Interactions with the closed string sector communicate the breaking of supersymmetry also to the open string sector, in the same way as in the type IIB orientifold with D5-branes of Section 2, the initial N = 8 supersymmetry of the "bulk", even though approximately restored in the decompactification limit, is indeed broken at any finite value of V (4) , no matter how large it is. This is due to the interaction of the states of the bulk with the states living on the D5-branes. Once this second order effect is included, the only way of getting hypermultiplets from the open string sector is by coupling the supersymmetry breaking projection to appropriate "Wilson lines", as in the dual models.
The R 2 corrections
Both in the heterotic and the type I models, the gravitational amplitude receives a contribution only at the tree and one loop levels. On the heterotic side, the one loop contribution is easily computed by inserting in the partition function appropriate operators acting on the left-movers as the helicity operator, Q 2 . After saturation of the fermion zero modes, their action is reduced to a covariant differentiation on certain bloks of the "N = 2" sector of the partition function, namely on the second helicity supertrace, B 2 . This quantity possesses universality properties [22] , and is fixed by the choice of the Z 2 shift on T 2 and by the value of the difference, N V − N H , of vector and hypermultiplets originating from the currents, in the untwisted sector of the orbifold. In our case N V − N H = 16, and we have: The amplitude we need to compute is:
3)
The second and third term in the r.h.s. correspond respectively to the amplitude of the U(1) 2 of the two-torus, computed as in Ref. [15] , and to the gauge amplitude of the currents; the latter is obtained by inserting in the one-loop vacuum amplitude the operator:
where Q 2 is the left-helicity operator and P Acting on B 2 with the right-moving part of (3.3), R 2 (o) , we obtain:
The final result is given by the infrared-regularized integral of (3.6) on the fundamental domain. On the type I side, the gravitational corrections are proportional to an index [23] , and the analog of (3.3) simply amounts to a proper choice of normalization. The analogous of (2.1) and (2.5) for the heterotic/type I dual pairs were presented in Ref. [12] for the case N V = N H . In the case at hand, they read:
where S is the heterotic axion-dilaton field, 8) and the fields T and U are respectively the Kähler class and the complex structure moduli of the two-torus. For the parametrization of Eq. (2.2), the ϑ 4 functions are obtained, as in Section 2, when the Z 2 translation in T 2 acts as a half-circumference translation, generated by the (−1) m , along x 6 .
On the type I side, Im S is associated to the coupling constant of the gauge fields originating from the D9-branes sector and U is still the complex structure modulus of the untwisted two-torus. The heterotic volume modulus T , on the other hand, is dual toS ′ ≡ −1/S ′ , where S ′ is the type I field whose VEV is the coupling constant of the gauge fields in the D5-branes sector [14] . In (3.7) we used the string scale M ≡ 1/ √ α ′ and the infrared cut-off µ. These quantities can be either those of the heterotic or those of the type I string, their ratio being invariant under duality (cfr. Eq. (2.5)). For large T (i.e. for small S ′ ), the dependence on this modulus disappears from the correction (3.7)
3 . In Ref. [12] , this was interpreted as due to the transition, on the type I side, from the "M-theory breaking" to the "Scherk-Schwarz breaking" model. Based on the symmetry of the effective theory in the three fields,S ≡ −1/S, T and U, it was then argued that the full, non-perturbative extension of the gravitational correction (3.7) is given by the symmetrization of that expression in the fieldsS, T , U 4 :
where E S , T, U stays for a series of exponentials of the type e i(k 1S +k 2 T +k 3 U ) , in which the fieldsS, T , U appear weighted by "instanton numbers". This term, symmetric inS, T , U, is suppressed in both the large and small fields limit 5 . As a consequence, also the dependence on the field S, linearly divergent for large Im S, is instead only logarithmic when S is small 6 . If in Eq. (3.9) we take the limitS → ∞ (i.e. S → 0), we obtain:
In this limit, the effective coupling indeed looks like the non-perturbative expression of the coupling of an N = 2 theory without D9-branes. It is therefore the candidate to be the non-perturbative correction to the expression (2.1). In the limit Im T → ∞, the correction diverges only as log Im T . Interpreting as usual this logarithm as the remnant of nonperturbative effects, that corrects the absence of any perturbative term, we can see that the correction reproduces the expression (2.5).
In terms of type I parameters, the imaginary parts of the fields S and S ′ are given by:
where φ 4 is the dilaton of four-dimensions, √ G the volume of T 2 and ω 4 the volume of the K3 (∼ T 4 /Z 2 ). We have therefore Im S/ Im S ′ = ω 4 . In Ref. [12] it was discussed how the motion from the phase with D5-and D9-branes to the pure D9-branes phase involved a decompactification of the K3, ω 4 → ∞. Here we can follow also the opposite motion, to the pure D5-branes phase, obtained in the opposite decompactification limit, ω 4 → 0. This corresponds to the region of transverse space compactification of the type IIB,Ω orientifold construction. We see therefore that the heterotic S-duality is completely broken, and the theory possesses not simply an N = 4, but indeed an N = 8 spontaneously broken supersymmetry, approximately restored in the limit S → 0, T → ∞, U → ∞. The type IIB orbifold with D5-branes appears to be S-dual to the heterotic construction.
The existence of a spontaneous breaking of N = 8 supersymmetry explains a potential puzzle of this heterotic/type I duality. Indeed, the type I, "M-theory breaking" model possesses D5-branes gauge bosons that appear as perturbative on the heterotic side. The same is true for the D5-branes fields of the type IIB,Ω orientifold. This may look strange, because D5-branes can be considered somehow as zero size NS5-branes [4] , i.e. small instantons of the heterotic theory. The gauge bosons originating from the D5-branes sector should correspond therefore to a non-perturbative enhancement of the heterotic gauge group. This is indeed what happens in ordinary orbifold compactifications. Our case is however rather different: when an instanton shrinks to zero size, there is an effective restoration of N ≥ 4 supersymmetry, for which a non-perturbative enhancement of the gauge group is not expected to appear. Since in the N = 2, four dimensional model the five-branes are wrapped, in order to see what happens to the heterotic small instantons we must first decompactify the two-torus. According to (2.2), this corresponds to the limit Im T → ∞, with Im U fixed. If then an instanton is shrunk to zero size, the dilaton blows up [4, 24] . Taking into account that Im S = e −2φ , according to the equation:
we see that the limit φ → ∞ corresponds to ImS → ∞: this is an N ≥ 4 restoration limit, as is clear from Eq.(3.9), in which there is no linear divergence in any modulus. We are therefore close to the restoration of the full N = 8, where there is no gauge group at all.
Reduced rank type I models and duality
An analogous non-perturbative behavior is shown by other string constructions, with a gauge group of reduced rank, r = 8 and r = 4. Of these theories, we know only the type I, Ω orientifold constructions, and theirΩ duals. On the type I side, the reduction of the rank is obtained by introducing a non-vanishing quantized antisymmetric NS-NS tensor B ab . Examples with N = 4 supersymmetry have been constructed in Ref. [6] . This construction has then been extended to N = 2, Z 2 non freely-acting orbifolds [7, 8] . Here we are interested in the case in which the Z 2 projection that partially breaks supersymmetry acts freely, as in Ref. [2] . In this way, with a rank 2 antisymmetric tensor we obtain a "Scherk-Schwarz breaking" model with maximal gauge group SO (16) and an "M-theory breaking" model with maximal gauge group SO(8) × SO (8) . With an antisymmetric tensor of rank four we obtain then a "Scherk-Schwarz breaking" model with maximal gauge group SO (8) and an "M-theory breaking" model with maximal gauge group SO(4) × SO(4). With appropriate Wilson lines, the above SO(N) groups can be reduced to the corresponding U(N/2). As for the rank 16 of the previous section, Wilson lines are needed in order to introduce hypermultiplets, besides the four originating from the compact space.
The Klein bottle, Annulus and Möbius strip amplitudes for these models can be easily derived from the corresponding amplitudes of the "Scherk-Schwarz"-and "M-theory"-breaking N = 2 models of Ref. [2] . In our case, we work in four dimensions, and the shifted lattice sum terms Z m , defined in Ref. [25] , have to be adapted for a two-dimensional lattice. The models under consideration can be constructed also in five dimension, because only one direction in the two-torus is shifted: we can therefore always factorize the sum Γ (1) over the unshifted momenta of the lattice of one of the two circles. In the following, by Z m we will actually mean Γ (1) × Z m . For the "Scherk-Schwarz" breaking, we have in this case 7 :
where q = e −2πt , P is the momentum sum of the lattice of T 4 :
andW is the corresponding winding sum, in which the windings satisfy the constraint imposed by a quantized non-vanishing antisymmetric tensor [6, 8] :
where the sum over ǫ, a set of vectors with entries 0 or 1, introduces the projection along the directions of non-vanishing B ab . The Annulus amplitude reads:
and r is the rank of B ab . Finally, the Möbius strip amplitude is given by:
γ ǫ is a cocycle, necessary in order to ensure a correct particle interpretation (see [8] ). Notice that the projection introduced by B ab acts on the momenta of T 4 , while the translation due to the supersymmetry breaking Z F 2 projection acts on the momenta of the extra T 2 . By transforming the above amplitudes to the transverse channel and looking at the divergence at the origin of the lattice, it is easy to see that the tadpole condition is modified: with respect to the freely acting orbifold without antisymmetric tensor, now the rank of the gauge group is reduced by a factor r/2. In the transverse channel, after taking the ℓ → ∞ limit, we obtain the following contributions to the infrared divergence:
where
They are canceled if:
In the above amplitudes, the splitting of the Chan-Paton factors into N 1 and N 2 is due to a Wilson line with entries 1 2 , that can be chosen such that N 1 = N 2 = N = 32/2 r/2 . In this case, the vector multiplets are in the (N(N − 1)/2, 1) ⊕ (1, N(N − 1) /2) adjoint representations of SO(N) × SO(N), the hypermultiplets in the bifundamental (N, N) . The case of our interest is obtained when a further Wilson line is introduced, with entries 1 4 , that breaks the gauge group to its unitary subgroup, U(N/2) × U(N/2).
In the case of "M-theory" breaking, the amplitudes are, in the simplest case without Wilson lines: 15) withγ ǫ a further, independent cocycle (see Ref. [8] ). In this case, the further reduction of the rank of the gauge group involves the parts coming both from the D9-branes and the D5-branes sectors, in a symmetric way. The contributions to the infrared divergence are: 16) where Vol 2 = det g (2) /α ′ and Vol 4 = det g (4) /α ′ are the volumes of the two-and the four-torus respectively. The tadpole cancellation conditions are:
The construction of theΩ orientifolds is analogous, and their partition functions are obtained by those of the ordinary orientifolds by exchanging the role of D9-and D5-branes.
As before, Wilson lines are needed in order to break the gauge group to the Abelian subgroup, and obtain duality between type I gauge groups and theΩ constructions with the D5-branes sitting on the corresponding O5 orientifold plane, in order to have a local cancellation of the tadpoles. In this case, however, we don't have the heterotic dual orbifold constructions: the only heterotic orbifolds with reduced rank of the gauge group in which the gravitational corrections have a perturbative expression like (3.7), with a factorization of the moduli T and U, are those considered in Refs. [15] : they are necessarily constructed at a point in the moduli space in which the higher level (= reduced rank) gauge group is realized with real fermions, the points [SU(2) κ ]
16/κ = SO(3) κ/2 16/κ . These gauge groups correspond therefore to very special configurations on the type I side, different from the one we are considering here. In these heterotic orbifolds, the massless states originating from the currents have an effective N = 4 supersymmetry. They are dual to type IIA orbifolds with spontaneously broken N = 4 supersymmetry, that are singular limits in the moduli space of K3 fibrations. The full, non-perturbative gravitational correction can be computed perturbatively on the type IIA side (see Refs. [15] ), and it turns out that there is no limit in the space of moduli S, T , U in which there is a restoration of the N = 8 supersymmetry.
Even without the heterotic duals, from which we would learn something more about one of the moduli, the comparison of "Ω" and "Ω" constructions allows us to see the spontaneous breaking of the N = 8 supersymmetry, as it was for the previous case with gauge group of rank 16. By looking at the various limits of these theories, with and without either D9-or D5-branes, we conclude that the gravitational corrections have an expression analogous to (3.9) .
A note on the effective gauge coupling
The rank reduction indeed corresponds to a raising of the level of the algebra of the gauge group. In order to define the level, we don't need in fact to work with an explicit realization via Kač-Moody characters: the level can be intrinsically defined also through the strength of the coupling of the gauge group. Since the rank is halved when two isomorphic factors of the gauge group are identified (this is the effect of the operation that leaves massless the states invariant under the exchange of these factors and lifts the mass of the states which are odd), the level is doubled. The relation between level κ and level 1 coupling is: 18) where N is the "effective" number of D9-or D5-branes, namely the number of branes modulo Z 2 , level-raising identifications. Raising the level corresponds therefore to weakening the
If we now extrapolate from Eq. (4.18) and treat κ and N as parameters that can take any integer value, we can consider arbitrary high levels. This leads to a decoupling of the Yang Mills fields, that tend to be frozen to constant values: this is the no branes limit, with no gauge group. In the opposite limit, N → ∞, g Y M is very big, and the Yang Mills fields dominate over the other fields: this is the limit of decoupling of gravity, whose coupling is g ≡ g (κ=1) . We can look at this limit in another, equivalent way: we can rescale the couplings is such a way that the effective gauge coupling remains fixed. In the large N limit we have therefore g → 0, with g 2 N fixed. This is precisely the 't Hooft limit; in the literature, what we call the effective level-κ gauge coupling is indicated by Λ QCD . In the theory we are considering, there are both D9-and D5-branes, with different four-dimensional coupling. The above decoupling argument applies separately for both the D9-and D5-branes sectors. When both the types of branes are present, the effective coupling of the bulk fields is in fact a combination of the two: g
, and the effective couplings of the two parts of the gauge group are g Y M (9) ∝ g (9) √
Conclusions
In this work we have investigated the non-perturbative behavior of a class of four dimensional string models with N = 2 supersymmetry, in which there is a spontaneous breaking of N = 8. These theories have dual realizations as freely acting orbifolds of the heterotic and of the type I string. The spontaneous breaking of the N = 8 supersymmetry is due to a super-Higgs mechanism, non-perturbative in all the dual constructions: the supersymmetry restoration can be seen only by comparing the heterotic and type I effective theories with the duals constructed as freely acting orbifolds of the type IIB string orientifolded withΩ, the product of the world-sheet parity times the target-space reflection along four coordinates, compactified on T 4 . In these constructions, the role of D9-and D5-branes is exchanged, as compared to the ordinary type I orientifolds. Owing to the free action of the orbifold projection, these theories possess constructions in which only D5-branes appear. In these configurations, it is possible to investigate the limit in which the space transverse to the D5-branes is decompactified. Owing to the breaking of T-duality associated to the supersymmetry breaking projection produced by the D5-branes, this is a limit of approximate restoration of the maximal amount of supersymmetry.
We have compared the dual constructions by looking at the renormalization of the effective coupling of the R 2 term, that depends on the moduli of the vector manifold, and therefore on the heterotic dilaton-axion field and on the type I vector coupling fields, "S" and "S ′ ". Since the N = 4 heterotic string possesses S-duality [26] , the existence of a spontaneous breaking of N = 8, that can be restored at the strong coupling, means that, in this case, the projection that breaks the N = 4 supersymmetry to N = 2 has an action also on S, the heterotic dilaton-axion field.
The spontaneous breaking of the N = 8 supersymmetry explains why the type I D5-branes gauge bosons correspond to perturbative states on the heterotic side. Indeed, the different constructions we have considered correspond to different phases of a unique theory, in which the gauge group can be considered as originating either entirely from D9-branes, or partly from D9-branes and partly from D5-branes, or entirely from D5-branes as well. The type IIB construction with D5-branes corresponds to this last case. These phases correspond to different regions in the space of the moduli in the vector multiplets, S, T ∝ S ′ and U, that parametrize the coupling constants of the effective theories of all these constructions, and are reflected in the behavior of the effective coupling of the R 2 term, in which we can follow the interpolation between the different phases. are the volume of T 4 and T 2 respectively.
